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Introducticn

Shortly after the high alzitude nuclear bomb explosion
last sumier called 3tarfish, 1: became obvious that a band
of trapoed radiation had been produced. This was no
surprise. There had been three artificial belts made previous
to thls one. In 1958 the U.S. had exploded three high altitude
bombs in the South Atlantic. For some time before this, ;
Nicholas Chnristofilos, a physicist at the Radliation Laboratory
at Liverwmore, had worksd on rProject 3herwood - the attempt
to control the power of an H bomb to make an industrial power
station. To cmtain tne Intensely hot material used in
Sherwood experiments no walls can be used. They would melt,
dagnetic fields are used - shaped into "magnetic bottles" to
contain the particles. Such a bottle as that used in Filg. 1
has been used successfully to contain hot electrons and protons
for short times. The narticles eventually leak out of Fhe
magnetic bottle, mostly throurh the ends, but thev are contalned
for a tine. Christofilos took this idea for a laboratory-size
magnetic bottle and expanded it to earth sire. He suggested
that the eartn's magnetlc field should be able to contain and
trap energetic particles and showed that a nuclear explosion
would be a reasonable source of particles to populate the
terrestrial bottle. This suggestion led to the Argus
exoeriments.

The planning for Argus was well underway before the
discovery by Van Allen of the natural radiation belt. In the

Argus planning sessions it had been suggested that a natural
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belt might exist around the earta, which was of course
borne out bw¥ the Explorer I and Explorer III satellltes.

The Argus exploslons were conducted specifically to
study the Inl/ectlon of particles into the earth's magnetic
field., Alter each of the three exvlosions, trapped particles
were observec by Van Allen on the Explorer IV satellite, so
that artificial belts wers no novelty in 19062, But the
Starfish belt was much more lntense and more extended in
space than the Argus belts, so 1t represented more of a
problemn.

hat 1g there ahout & miclear explosion that produces a
radiation belit? The radiation belts, both artificial and
natural, are merely collectlons of high energy protons and
olectrons. A4 nuclear explosion releases a large number of
energetic particles. then a uranium nucleus fissions into
two lighter nuclel the fission fragments that are formed are
unstable. They odecome stable by emittine fast slcctrons,
This(}—decay crocess Jroduces asout O slectrons oor flsglon
fracnent. The electrons forancd have snergias golng up to
7 or 8 liev with an sverage energy of about 1 iev. The flrst
slectron is ;iven off 1in about 1 second, and after ssconds

cercent o the electrons have been produced, The debrils
from a high altitude explosion expands at around 500 km/sec,
80 the electrohs enitted by the fission fragments can appear
some distance away from the explosion. ileasurements on the
energies of the new electrons at 1000 km altitude after the
Starfish explosion show that most of them have come from

é -decay of fission fragments.



A socond possible source of particles for the artificial
radiation belt is neutrons. Large numbers of neutrons are
also given off by a nuclear exploslon.

A fission'bomb works by a neutron splitting a uranium
nucleus - the ission process liberates several neutrons,
sore of wnich in turn produce more fissions, making a chain
reaction. In thls process many of the neutrons produced leak
out of the bomb. About 102u neutrons are relsased by a
cone kiloton explosion. The nesutron is radloactive. When
bound up in an atonic nucleus it is stable, but by 1tself 1t
decays with a halfl 1life of about 10 minutes Iinto a proton,
an electron, and a neutrino. Fisslion neutrons have energles
of about 1 iov and a velocity of about 107 cm/sec. It will
take them about 5 soconds to travel 50,000 I to get out of
the reglon of space where the radlation belts are. 1In this
time about one percent of tne neutrons released by the

N

explosion will decay to form elactrons and orotons. The
protons will have encrgies of anout 1 .iev and fluxes of

lOu particles por square cm Jer second, In ;zeneral, these
protons are not of iInterest, because they will not penetrate_
any apprecisble thiclkness of matter, and therefore don't add
to the radiction problems. The electrons made by neutron
decay have e¢nergles up to .8 ilev, but they are consideradbly
more penetrcting then protons. These slectrons do contribute
to the artificial belt, but they do not appear to represent

an Ilaportant fraction of the source. Fission fragment decay

appears to Le the major electron source.



Particls .iotlon

Ir. ordsy uc understand whal najdens to the 3lactrons
1ntroduced into the field by ths sxplosion we have tc know
how a particle woves in a nagnetic fleld. Fiz. 2 shows the
wotion., The motion can be broksn down into three comoponents,
(1) gyratlon around a field line, (2) bouncing back and
forth along & [leld line, and (3) drifting in longitude
around the caritn.

Tha electrons are made to move in a circle by tne magneéic
f£ield, just as particles do in a cyclotron. The electrons
gyrate around a fleld line tn about one millionth of a
sccond. Thay bounce back and {ortn along a Tileld line about
once & secord. what causes the bouncing motion? The process

r» to tne operation of a corner reflector

3

1s woderateiy simll

in radar. Tne radar waves enter the reflector, bounce several

times, and return in the diresction they came from. In the

macnetic mirror, the particles moving into a region of

increasing nagnetic fleld, wnere the field lines are converging,
)

foel a force that turn: ther around and make thea move out

of the converging fileld. Tnis reflection drocess 1is caused

oy a magnetic force s3iailar to the force that makes & particle

sove in & circle in a cyclotron (see Flg. 3). A particle

moving witi veloclty V {into tae paper) moves in the clrcle

chovin duc to the magnetic field component B“ . But in the

converging field shown, the f131d component By acts on the

particle to produce a forece perpendicular to both V and B.L



and directed so that 1t forces the particle out of the
converging magnetic fleld. In a Sherwood machine (Fig. 1)
the particles move toward a converging fleld at one end, are
reflected, move to the other end of the machine and are
reflected azain., Decause of this, it 13 called a magnetlc
mirror machine. The voint of reflection is called the
mirror point. The particle oscillates between its mirror
points much as a pendulum oscillates back and forth, acted
on by the force of gravity. The earth’'s magnetlc fleld.ls a
similar magnetic morror macnine, bent in a crescent. Charged
particles injected into the earth's field will bounce back and’
forth botwesn two alrror »oinis and stay trapped for a long tlme.
Besides gyrating and bouncing, the particles drift in
longitude around the earth. The time it takes for one
revolution depends upon the energy of the particle, but is
about an hour for a typical elcctron. A reason for the
drifting motlon can be seon in Fig. 3. At the high altitude
side of the particles! gyration the magnetic fleld 1s weaker
and tnerefore the radius of curvaturs larger. 7This makes

-

the particle drift sidesways. Ilesctrons driit east due to

ons drift west. Particlss with different

in

this effect and prot
velocities will érift at different rates.
The family of magnetic fleld lines on whiech a pdarticle
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round the cartn is labeled by a value of L. For

£

crd

tae Tamily of .1lines that has an .average eguatorial

[

nstunco,

distance Irom the center of the earth of two earth radlil has

Lz2,., They intersect the earth’'s surface at uSO magnetic latitude.
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Frcm 2 mowledege of the action of particles, ws can tell
what w7ill hispen tc particles out into the field. A pulse
of new particles, as from a bomb, will, in a few ssconds,
distribute whemselves along a field line and in a few hours
w11l drift around the carth several tlmes and disperse in
longitude bscause of their diff'erent drift rates. This will
form a blanc<et of particles surrounding the earth. If the
source of pirticles is rather limited in extent, then the
blanket will be thin. This was the actual situation in the
Argus experiment, where the blaniket shown in Fig. li was only
about 100 ka thick at low altltudes and had L =2 . For

Starfish ths blanket was quite thick.

Barly lHistory of the 3tarfish kelt

How that we have a feeling what ought to happen to the
particles, lot us see what the observations after Starfish
Indicated.

Within 2 matter of seconds after the explosion, aurorae
were seen i1 Samoa. Tnese aurcrae were caused by electrons
from the ex losion that leaked out the holes in the earth's
magnetic aireror and entered the atmosphere. The electrons
coliided wiih air atoms and excited them to emit light. Aurorae
were also sizn at the times of the Arpgus explosions. Rockets
have beern flown into natural aurorse and energetic elsctrons
Tound, so tails process of electrons making aurors is well

established.



Ground-based equipmaent in Alaska detected incrsased

b

o ‘n the loncssherc a few scconds after the explosion.
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This was very likely due to the electrons from the explosion
lcalzing out the end of the magnetic mirror into the
atmosphere She same way &s those causing the aurorae did.
Iononsoierlc effects and tre surorae show that many
clectrons are lost promptly, dut nmany remain trapped too.
About 10 misutes after the explosion the National Bureau of
Standards [:dio Observatory in Peru, showm in Fig. 5,
observed raillo nolse fror the clectron belt as It drifted
castward inso view of their very elaborate antenna, This
radio noise is callsd synchrotron radlation because 1t was
Pipst identificd enitted by electrons in a synchrotron
sceelerator. Chargcd psrticles moving In a circle, as they
do in o magaebic field, emlt electromarnstic radlation. Thils

process 1s an oxdecten oottt of 2ilazeleal slastronzgnatlc

I

nucleus schcutd rediate cnergy wway as electromaprnetic radlation
and thercfcre the clactrons would gniral into the nuclsus in

s short < .c. The electrons In an atom do not continuously
¢aitv synchrotron radlatilon, vutc other places in nature, as for
exanple, an electron in a syncarotron, do enit this electro-

¢ rediation. In a syncarotron the radiation is of .
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nirn ecnougl: freguency to appear s light. The lightand radlo



noise from the Crab Nebula are woth thousht to be synchrotron
'radiation. mh. electromagnetic rediation from the alectrons

in the sartihi's £ile1ld anpesrs as radjio noise of fraoquencies

uo te a hundred magacyeles and hi-her. The radiation 1is
stronsly solarirzed, and 13 s1itted in a verly narrow cone

along the instananeous direction of motlon of the electron.
Thils means that the radiation can bo obscrved near the magnetic
squator easily, bul at mid-latitudes 1t will be difficult to
observe, pscaise the electrona dc not rove in the oroler
Airoctlion to cpansmit radistion tn this direction. After

tsrices within 26° of the elquator

£

gtarfisn, only radlo obaarv
anservaed syncarotron radiatisn. The first siznal 1in Peru

osion, but at Wake Island it
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t- reach maximume This showed
that the clectrons were 1pdsad Arifting sastrard as predicted.
After an hour Or §9, the -~lcecirons were sufficiently disoersed
in longitude that 2 steady si—nal was receivedl at the several
stations. Loar the cgouator thils 3imnal ras 200us twvice the
Dro=-shot vac crround nolsc. Tnic sicnal dilzd 4o with a time
constant of 1932t 20 days and bocame equal tc tns sreshot
paclksround 1o UCUT on-manth. .cfore the 3tcrfish ~x»losion,
no synchrotron rodistion was observed from the natural belte.
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he amnount ewitted as 85 grnall that 1t was widdan in the

.
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Sabellite Dats

On July 10 tnere were four satellites in orbit that had
eloctron deteoutors on board and whicn gave useful information
ocn the novwly smasped particlese.

aporee perigee inclination detectors

ARIZL 120) kw393 ka 51.° snielded Gl counter
B, b7 Hev
NSUN 1010 k= 890 kau 67° shiclded G counter,

counting severel eV
eloctrons by bremsstrah-

lung
—_ o - vl mA — t o ) 5 -
PTLSTAR 5630 wa 955 lo Wie7 I, channel solld state
4 a“ b
dctector ne> .2 Hev
TRAAC 1110 kn 951 k= 32,1° ahielded G counter

2 > 1.6 Mov
e
The Iajun satelllite had bees in orbit & long time, and
so it provided a ver’ good vefors-alter conparlison of tne

tion be.tl The TRAAC detoctor also showed a good comparlson

this way, as did Ariel. Unfortunately, the Telstar satellite

was launched the daw alter 3tariish, soO i+ could not glve a
H] >

peforec-aftcer comparisoiie Tnis i3 quite unfortunate, because’
the Teister satellive poes Lo hign altitudes and maps out
reglons of ssace that are unavallable to tho other satellites.
The joint US-U4 satellite arlel showed that nigh energy
clectrons frcm the boub aogdearcd very shortly after the

exolosion at high intitudes - ud to L = 5 or more. Ariel

wont out of operation a weelr artcer Starfish, but during tnis

time the flux of energetic electrons stayed nigh up to L = 5.



-
(@]

¥y ~ AT -~ 4~ -« o - 2 ) ad - - v - -~
Thce 20anC detcctors fcllicwad the decay of low alzitude
N e 4 - - 2w - e - P - 2 - ™
Starfish eloctrons until it clso rent out of opaoraticn. TRAAC

]
alsc locatod a n»uddls of fissicn debris sitcting on ton of the
atnosohere in the Lfacifllic, coulliuaously omltting olecil’ons
into the buit. Thcose new electrons from the debris puddle
will have ohort lives, beczuse they are emnitted at low

zltitudes, ond therefore have low mirror points and encounter

2
L)
0
=}

irly dense atmosO hers.
The Injun counters nadped out the new balt up to 1000 km
and osroduccd the first flux coatour pilcturs of the 3tarfish

clectrons. Injun nas also watched the decay of thase el ectrons

ifor several wonbns.

The Tel:tar satellite produced zll of the informuatlion above 1000 km
Tor the first three months after Starfish. The rapid decay of the electrons
shove L = 1.7 was observed only by this satellite. The Telstar data was

used to construct several flux maps at different times after Starfish.
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